The geometrical and electrical errors of array sensors can severely degrade the performance of array sensor system. Various calibration techniques are developed to alleviate this problem. In this paper, two different calibration methods with respect to location, gain and phase of array sensors are presented. One method applies the first-order Taylor series expansion to approximate the true steering vector from the nominal values of array sensors. Then a set of equations is formed by using the null characteristics of the MUSIC spectrum to estimate errors of location, gain and phase of array sensors. Another method estimates these errors based on the data covariance matrix of pilot sources. From the simulations, it is demonstrated that two calibration algorithms calibrated an array system successfully. In addition to that, Fistas and Manikas's algorithm is more robust against noise than Ng and Lie's one when SNR is from 10dB to 50dB.
Ⅰ. Introduction
. Hence, 기준신호원을 이용한 배열센서의 위치, 이득, 위상 보정기법 유성기 외
various approaches have been studied and presented, so as to identify these errors and rectify the knowledge of the actual sensor characteristics, this process is called array calibration. These calibration techniques are either applicable in only array sensor location errors [3～9] or only array sensor gain/phase errors [10～13] . In practice, however, it is more likely to have both electrical and geometrical errors in array sensors. Therefore, global array calibration methods [1 4～16] which calibrate an array system with respect to errors in location, phase and gain by using emitting sources with known direction-of-arrival (DOA's) are developed. The main idea of the array calibration technique designed by Ng and Lie [14] is to apply the first-order Taylor In this section, two calibration techniques are compared with respect to root-mean-square-errors (RMSE) of location, gain and phase with different value of signal-to-noise ratio (SNR). Finally, in Section Ⅳ, the conclusion of this paper is made.
Ⅱ. Mathematical Model and Array
Calibration Method
2-1. Fistas and Manikas's method
Consider an array of  sensors that operate in the presence of one pilot source of unity power at azimuth angle of  and elevation angle of  as shown in Fig. 1 . In the ideal case, the array data covariance matrix   can be expressed as follows: In the practical application, however, the data covariance matrix associated with geometrical and electrical errors can be expressed as:
In this calibration method, it is needed to define a new matrix  in terms of the nominal values for the phase of the array(   ) and SPV corresponding to the pilot source(   ):
Then the following matrix can be established by pre-and post-processing the data covariance matrix    by the defined matrix  above:
where
Note that   denotes the nominal values for the gain of the array. Assume that the first sensor of the array is taken as reference and its characteristics are known. It implies that the element  of the matrix  will be equal to the gain of the reference sensor, say   , which is known. Therefore the matrix  can be expressed as follows:
where   is the corresponding vector to the rest    elements of the matrix . By using Eqn (4), Eqn (5) can be rewritten as:
From Eqn (5) and (6), the matrix  and the noise power   can be calculated.
If there are two different pilot sources, then two matrices   and   can be expressed as follows:
Since the electrical uncertainties are independent of the direction of pilot sources, matrix   is common for both matrices   and   . The following equation can be obtained by using Eqn (7a) and (7b):
Note that ∠• denotes the angle of the argument. Eqn (8) can be reexpressed as:
For simplicity,
By using the location error in
x, y and z coordinates, Eqn (9) becomes:
With the assumption that the array is planar (i.e, (10) can be simplified to:
A set of  equations with  unknowns         exists in Eqn (11) . For a unique solution, therefore, another set of  equations is needed. By using another pilot source, matrix   can be generated as follows:
A new set of  equations is defined in Eqn (12).
Therefore, a unique solution for         can be calculated by using Eqn (11) and (12):
Note that at least two out of three pilot sources are placed at different azimuth angles so that Eqn (11) and (12) complex matrices with unit power. From this factor, the real matrix   can be estimated. It implies that:
Thus, the estimated gain error,    , is calculated by using Eqn (14) . To estimate phase errors, then, it is needed to calculate the matrix    based on the estimated location errors:
2-2. Ng and Lie's method
Consider an un-calibrated array system of  sensors which operates in the presence of  pilot sources at azimuth angle of   and elevation angle of 
Using the first-order Taylor series expansion, the true steering vector in any look direction for an un-calibrated array can be approximated as follows: where ∆  is the complex vector defined as:
This can be rewritten as follows:
Substituting Eqn (18) into Eqn (17) give the following expression: where    denotes pseudo-inverse operation and
Any one of the ∆  can be used to estimate the gain error of array sensor:
Then array geometry and phase can be estimated by using the following equation:
Ⅲ. Simulation Results
In order to compare the performance of two calibration methods the same simulation setups are made. In this simulation 8-element array sensor is employed. The followings are assumed for the simulation:
• True location -the first sensor is located at the origin of the Cartesian coordinates, i.e, (0, 0, 0). The other sensors are placed with the distance of a unit of half-wavelength along the x-axis.
• Nominal location -sensors are placed away from the true location with some location errors.
• Three pilot sources are placed at azimuth angles of 30, 40 and 120.
• The number of snapshot received at array sensors is 100.
• The value of SNR is from 10dB to 50dB.
Each performance of two calibration techniques is
shown in section 3-1 and 3-2. Note that Table 1-6 are generated representatively when SNR is 30dB in which both calibration methods start having almost zero error. In section 3-3, two calibration methods are compared with respect to the RMSE of gain, phase and location when SNR is from 10dB to 50dB.
3-1. Fistas and Manikas's method
The Fig. 2 In order to analyze the calibration method concretely, the location errors of un-calibrated and calibrated array system are presented in Table 1 . Table 2 and Table 3 the average location errors of un-calibrated array sensors are 0.1514 and 0.0949 in x-axis and y-axis respectively, whereas the average location errors of calibrated array sensors are 0.0001321 and 0.0001715 in x-axis and y-axis respectively. The location errors are significantly reduced by the calibration algorithm. 
3-2. Ng and Lie's method

3-3. Comparison of two calibration methods
